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In this  study,  we systematically  investigate  solar  disinfection  of  synthetic  secondary  wastewater,  with
the effort  to  decrypt  the  effects  disinfection  conditions  have  on  post-irradiation  bacterial  regrowth  in the
dark. A  full factorial  design  of 240  experiments  was  employed  to investigate  the  effects  of  (i) exposure  time
(1, 2,  3  and  4 h),  (ii)  treatment  temperature  (20, 30,  40,  50  and 60 ◦C), (iii)  initial  bacterial  concentration
(103, 104, 105 and  106 CFU/mL)  and  (iv)  sunlight  intensity  (0,  800  and  1200  W/m2) on  Escherichia  coli
survival  for a subsequent  48-h  dark  control  period.  The  decisive  implications  treatment  temperature
inﬂicted  in  regrowth  were  monitored  and interpreted  within  two  temperature  ranges,  from  20  to  40 ◦C
and  40  to  60 ◦C. In  dark  tests,  bacterial  populations  presented  initial  moderate  growths  at 20–40 ◦C range,
followed  by intense  regrowth.  At  40–60 ◦C range,  acute  thermal  inactivation  without  long-term  regrowth
predominated  at 50 ◦C and  was  total  at 60 ◦C,  within  the  4-h  treatment  period.  Introduction  of light
2egrowth
ark repair
resulted  in  higher  removal  rates  or permanent  inactivation  for 800  and/or  1200  W/m , respectively.  No
post-treatment  regrowth  in  the  dark  was  observed  after  24 and  48  h,  in  completely  inactivated  samples,
and  its demonstration,  when  observed,  was  well  correlated  to the  bacterial  numbers  at  the  end  of  the
disinfection  period.  Statistical  observations  on  the  transferred  bacterial  populations  from  day  to  day  are
also discussed  in  this  paper.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
The greatest disadvantage of UV disinfection of wastewater,
egardless of the source, i.e. either UV-C lamps or solar UV dis-
nfection, is its point efﬁciency, which lacks residual effect [41].
n any UV disinfection unit, the efﬂuent of the process will
nclude inactive (completely decayed microorganisms), injured
not lethally damaged, potentially dangerous if healed) and a frac-
ion of microorganisms that escaped the process. The absence of the
esidual disinfecting factor could possibly allow the reactivation
f injured microorganisms, if favorable downstream conditions
re presented [13,12]. The remaining bacteria could increase their
umbers while being in the treated efﬂuent, due to a variety of
DOI of original article: http://dx.doi.org/10.1016/j.jphotochem.2014.02.003.
∗ Corresponding author. Tel.: +41 216934720; fax: +41 216936161.
E-mail address: cesar.pulgarin@epﬂ.ch (C. Pulgarin).
ttp://dx.doi.org/10.1016/j.jphotochem.2014.05.016
010-6030/© 2014 Elsevier B.V. All rights reserved.reasons; for example, the existence of nutrients and related chem-
icals in wastewater could provide an abundant food source for the
bacteria, allowing them to metabolize and reproduce [18]. Hence,
the main two factors that are responsible for bacterial regrowth are
[11]: (i) the growth of injured microorganisms, (ii) the reactivation
and regrowth of the reactivated microorganisms.
Long after regrowth as a phenomenon was observed, the “viable
but non-cultivable” (VNC) hypothesis was  developed to explain the
repopulation of a sample, although appearing microorganism-free
at the end of the treatment; this statement provided explanations
to similar ﬁndings and was adopted by various researchers [42,35].
This hypothesis suggests that not all the bacteria are destroyed by
the action of light, but there is a signiﬁcant number that is alive,
but unable to reproduce.DNA is one of the main targets of both direct and indirect actions
of UV light, through the direct dimerization of thymines or indirect
attacks by reactive oxygen species, (ROS) [25]. The generated ROS
have a well-explained action mode, especially hydroxyl radicals;
4  and Photobiology A: Chemistry 290 (2014) 43–53
t
i
d
n
w
t
e
r
i
e
p
r
e
n
a
d
a
[
r
t
a
t
l
v
t
t
i
a
d
d
e
p
s
t
d
t
a
e
t
a
h
w
e
p
o
r
a
i
p
f
r
l
w
n
t
t
a
o
m
w
o
Table 1
Synthetic wastewater composition.
Chemical composition of the synthetic municipal wastewater before dilution
Chemicals Concentration (mg/L)
Peptone 160
Meat extract 110
Urea 30
K2HPO4 28
NaCl 74 S. Giannakis et al. / Journal of Photochemistry
hey interact with the intracellular components of the microorgan-
sm. Bacteria possess the ability to repair a number of their DNA
amages through two main mechanisms: light-dependent ones,
amely photoreactivation, and light-independent (dark repair),
hich help them recover from during photo-exposure.
Photoreactivation is completed by a two-step mechanism. First,
here is the formation of a complex between a photoreactivation
nzyme (PRE) and the dimer to be repaired [23] and afterwards,
elease of PRE and repaired DNA. The restoration of the dimer to
ts original monomerized form is absolutely dependent upon light
nergy intensity [23]; the energy needed to repair the damage is
rovided by visible light (310–480 nm)  [13,11].
The dark repair methods are regulated by the expression of
ecA, a critical gene in the bacterial cell, with well-known prop-
rties [38,14]. The nucleotide and base excision repair, includes
umerous molecular steps, including identiﬁcation of the dam-
ge, assimilation of a repair complex, incision and removal of the
amaged strand and ﬁlling with DNA polymerase, ﬁnalized by
ttaching the replaced DNA with the rest of the strand with a ligase
4,1,37].
There is extensive literature on the genetic interpretation of
egrowth, as well as experimental ﬁndings on the factors that affect
his process; among the most common factors affecting regrowth
re the effects of temperature [5,37], the salt and nutrient con-
ents of the treated water [22,30], the effect of UV dosage and
ight intensities [16,23], the pre-illumination with non-coherent
isible and infrared wavelengths [15], the initial bacterial popula-
ion [6,10] and the type of bacterial strain [31]. However, most of
he works either focus on photoreactivation, employ artiﬁcial UVC
rradiation, focus on drinking water or treat regrowth exclusively as
dded value on the evaluation of a treatment method. This occurs
ue to the fact that dark repair tests offer a good evaluation of the
urability of a process, namely the ability to handle post-treatment
vents.
The present study focuses clearly on bacterial dark repair of
reviously solar irradiated of secondary efﬂuent. After the exten-
ive works for drinking water in developing regions [20,17,45],
here is an interest in introducing low-cost treatment methods in
eveloping countries, in order to efﬁciently help controlling con-
agious diseases [21]; solar disinfection of wastewater could offer
 solution, under certain conditions. A system that could treat the
fﬂuent, for instance a series of shallow ponds, and could dras-
ically reduce microbial load, would be of great interest in these
reas, where the number of sunny days per year is an order of
undreds [3]. In that manner, there would be an extra source of
ater, maybe not for direct consumption, but potentially able to
nrich local availability, intended for secondary use [8]. Such a
ractice would be of equal interest in both developed and devel-
ping countries, since a considerable amount of water could be
ecovered.
Considering the application point of view, a preliminary
pproach has been done [9], in terms of complexity of factors
nvolved, but there are few statistical ﬁndings and experimental
rocesses verifying the effect of basic parameters of treatment,
or instance, treatment time [26] and temperature conditions with
egard to the dark repair potential of the target bacterial popu-
ation. Bacterial regrowth has been observed to occur in both in
ater [31,36] and wastewater samples [43]. Wastewater is a rich in
utrients matrix which could support bacterial growth, and given
he time treated water could spend in the dark, due to the storage
imes potentially required to further use, regrowth is rendered as
 primary problem. Since the goal is to increase the water supplies
f a speciﬁc region, regrowth of bacteria in the natural environ-
ent could possibly mean a re-contamination of downstream
ater supplies. In both cases of aquifers used for drinking water,
r, water reuse for irrigation, the limits set by the World HealthCaCl2·2H2O 4
MgSO4·7H2O 2
Organization could be exceeded a posteriori [44]; either result in
dangerous conditions for the end-users.
Therefore, in this study we recreate the conditions of solar treat-
ment of secondary efﬂuent and perform a multilevel, full factorial
design of experiments (DOE), in order to fully investigate the effects
of the treatment conditions, during solar disinfection, on bacterial
regrowth. With the application of an experimental design valuable
information can be acquired that are not evident due to interac-
tion of the parameters [46]; the factorial experimental design has
been proven an efﬁcient method in bacterial inactivation studies
[34,9]. The parameters under investigation are (i) exposure time,
(ii) temperature, (iii) initial population and (iv) intensity of the
solar simulated light, on E. coli-spiked synthetic wastewater, as
a model microorganism. After the measurements of the process
efﬁciency, post-treatment control in the dark was  made, to esti-
mate the bacterial regrowth/survival capabilities of the treated
samples.
2. Materials and methods
2.1. Preparation of the synthetic secondary efﬂuent
The pre-experimental processes involved with the preparation
of the synthetic wastewater included two  signiﬁcant parts, the
preparation of the E. coli solution and the actual wastewater, as
follows.
2.1.1. Bacterial culture preparation
E. coli K12 (MG  1655) was acquired from “Deutsche Sammlung
von Mikroorganismen und Zellkulturen”. A colony was  loop-
inoculated in pre-sterilized 5 mL  Luria-Bertani broth; for each L
of sterile distilled water, 10 g BactoTM tryptone, 5 g yeast extract
and 10 g NaCl were added. 25 mL  sterile plastic falcons, containing
the spiked LB, were incubated for 8 h and another 1/100 dilution
to LB solution (2.5 mL  sample into 250 mL  LB) was  incubated for
another 15 h. Bacterial cells were then centrifuged (5000 rpm for
15 min) and washed 3 times with sterilized saline solution (8 g/L
NaCl and 0.8 g/L KCl). The bacterial pellet was  dispersed in fresh,
sterilized saline solution, forming a solution with 109 CFU/mL initial
population.
2.1.2. Synthetic wastewater composition
The employed wastewater was  a 1/10 dilution of the presented
in Table 1, instructed by [24]. 1 mL  of the prepared (109) bacterial
solution was  added per liter to obtain a bacterial concentration of
106 CFU/mL. In order to obtain 103, 104 and 105 CFU/mL, dilution
of the same proportion (wastewater/distilled water = 1/10) were
done.2.2. Suntest solar simulator
The artiﬁcial solar simulator employed in our experiments
employed was  a Suntest, acquired from Hanau. It bears a 1500 W
S. Giannakis et al. / Journal of Photochemistry and Photobiology A: Chemistry 290 (2014) 43–53 45
Table  2
Disinfection conditions employed in the DOE.
Parameters Levels
Time (h) 1, 2, 3, 4
Initial Population (CFU/mL) 103, 104, 105, 106
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Table 3
Inactivation efﬁciency % after 4 h (at the end of each treatment method) for 0, 800
and  1200 W/m2.
Intensity Population (CFU/mL)/
temperature ( ◦C)
103 104 105 106
0 W/m2
20 ◦C (% growth) 10 2 8 5
30 ◦C (% growth) 10 24 30 50
40 ◦C (% growth) 20 50 50 70
50 ◦C 100 96.8 95.2 95
60 ◦C 100 100 100 100
800  W/m2
20 ◦C 90 88 87.5 93.3
30 ◦C 87 86.7 68.8 93.3
40 ◦C 47.4 30 15.8 25
50 ◦C 100 100 99.9 99.9
60 ◦C 100 100 100 100
1200  W/m2
20 ◦C 100 100 100 100
30 ◦C 100 100 100 100
40 ◦C 100 100 100 100
50 ◦C 100 100 100 100Temperature (◦C) 20, 30, 40, 50, 60
Light Intensity (W/m2) 0, 800, 1200
ir-cooled Xenon lamp, and provides 560 cm2 effective illumina-
ion surface. 0.5% of the emitted photons belong to the UVB area
nd 7% in UVA. Cut-off ﬁlter ensures no UVC is emitted and IR as
ell. The spectrum above 400 nm follows the natural solar one. The
ntensity levels were measured by a Kipp & Zonen Mod. CM3  and
UV3 radiometer.
.3. Batch reactors
All tests were performed in cylindrical glass reactors, with
ouble walls that allow recirculation of thermostated water,
or temperature control. The effective irradiation surface was
0.41 cm2. Also, mild stirring took place during all the experiments
ith a magnetic stirrer; sampling was always done while stirring,
rom the body of the sample.
.4. Sampling and post-experimental handling of samples
Sampling was performed in hourly manner and irradiated
icroorganisms were kept in plastic vials in the dark, covered by
luminum foil, in room temperature (20 ◦C). Regrowth tests were
onducted exactly after 24 and 48 h from the sampling time. An
mportant point is that the samples were kept in sterile vials for
he said period to avoid enhanced bacterial regrowth [36].
.5. Bacterial enumeration
Viable bacterial counts after solar treatment were assessed by
our-plating on non-selective agar as suggested by Reed [28] and
izzo [33], in order to obtain all viable counts, after proper dilu-
ion in sterile saline solution to achieve measurable counts on the
ishes (15–150 colonies). Experiments were performed with dupli-
ate plating in three consecutive dilutions. Difference was  less than
% and maximum 10% in undiluted samples, therefore, error bars
ill be omitted for reasons of clarity, only the average counts.
.6. Experimental design set-up
A multilevel, full factorial DOE was employed to assess the inﬂu-
nce of (i) treatment time, (ii) temperature, (iii) initial bacterial
opulation and (iv) light intensity. The full factorial design allows
easuring the response (i.e. disinfection and/or regrowth after 24
nd 48 h) in all different levels and combinations [34]. MINITAB for
indows was used to analyze the data. Table 2 summarizes the
elected parameters, as well as their respective levels of study.
. Results and discussion
.1. Disinfection experiments
Fig. 1 summarizes the results obtained through the DOE focused
n the study of treatment time, temperature during treatment and
nitial bacterial population. Their effects on disinfection efﬁciency,
re grouped by the three intensity levels, for clarity. A detailed
tudy on the antagonistic and synergistic effects of temperature
as previously performed [9], whose summary is presented here.
ig. 1a summarizes the results in absence of light, 1b the 800-W/m260 ◦C 100 100 100 100
results and 1c the 1200-W/m2 ones, respectively. The accompany-
ing Table 3 is also grouped in three distinct areas, according to
the applied irradiation intensity and presents the percentage of
removal only at the end of the 4-h period of treatment, exclud-
ing the cases of 0 W/m2, temperatures 20, 30 and 40 ◦C; removal
rate was  always 0 and growth rates are presented instead.
From Fig. 1a and Table 3, we  draw the information that when
no irradiation is applied the disinfection process is temperature-
driven. However, E. coli are mesophilic microorganisms that
demonstrate their maximum growth in the most comfortable tem-
perature for them, around 37 ◦C [7]. Therefore, taking into account
the favorable existence of nutrients and salts in the system [18]
a different (increasing) growth rate for each temperature range is
observed, until 40 ◦C, when it reaches its peak. After this point, at
50 ◦C and even more at 60 ◦C, thermal inactivation dominated the
outcome of the experiment, near-total and total inactivation after
4 h of exposure to heat. This is somewhat expected, since the ther-
mal  stress applied to the cells is denaturizing proteins and alters cell
membrane signiﬁcantly, up to a fatal point [2]. For the study of both
disinfection and regrowth, this will be considered as a boundary
condition and all cases will be studied separately.
When light is applied to the system, there is an extra stress
inﬂicted on the system. The solar simulator emits photons within
the UVB, UVA and visible light region. Literature suggests the
mode of action of light against bacteria, summarized in direct DNA
strand damage [12,19] and indirect damage through reactive oxy-
gen species (ROS) production [29], due to UVB  light. UVA damages
the cells indirectly, also through ROS generation inside and out-
side the cell [39,25]. Also, synergy between light and temperature
is reported [20,32], which enhances the disinfecting action.
This is also observed in our case, where we notice elevated
removal rates when 800 W/m2 irradiance was  applied, for all
temperature levels, although higher for the higher temperatures
(Fig. 1b, Table 3). Normally, the maximum irradiance value reach-
ing Earth’s outer layers of atmosphere is 1360 W/m2 and around
the equator, the normal values ﬂuctuate around 1120 W/m2 [21].
However, in low temperatures, the growth rate is disrupting the
expected inactivation behavior, with this mitigation effect increas-
ing toward 40 ◦C. This intensity level was  proven enough to control
excess growth, but did not provide proper disinfection in this
timeframe. However, when 1200 W/m2 were inﬂicted, the bal-
ance between the growth and the inactivation coming from the
light actions has turned to the disinfection side, demonstrating
total inactivation in 4 h for all temperatures and initial population
levels. The synergy between light and temperature is reﬂected in
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isinfection times, where 4 h were required for low temperatures,
 little less for 50 ◦C and 0.5 h for 60 ◦C (Fig. 1c, Table 3).
.2. Parameters affecting survival and regrowth after 0 W/m2
rradiation experiments
As far as the post-treatment events are concerned, we  divide
he behavior of E. coli into two groups: treated under mild tem-
eratures (20–40 ◦C) or treated in higher temperatures than 40 ◦C.
he ﬁrst group of graphs presenting the experiments performed in
ower temperatures (Fig. 2a), demonstrates a high increase of the
acterial population, inﬂuenced by the pre-treatment conditions.
t is clear that the samples treated at 40 ◦C, present higher dynam-
cs of growth and relatively higher ﬁnal counts after 24 and 48 h.me and temperature is plotted. (a) 0 W/m2. (b) 800 W/m2. (c) 1200 W/m2.
Also, there is visible inﬂuence of the initial population, by which
higher initial populations result in higher reproduction rates after
48 h. In addition, we can notice a gradual decrease in growth rates
between the 1st and the 2nd day of storage, probably interpreted
by the stress caused by some initial nutrient shortage, due to the
overgrown bacterial numbers.
Fig. 2b and c are the contour plots that visualize all regrowth
tests, performed by hourly sampling in all temperatures and
initial population rates. They reveal that there is a correlation
between the treatment temperature and the regrowth after 24 or
48 h (expressed by C24/C0 and C48/C0). These fractions reveal the
regrowth of the bacterial numbers higher than the initial one; if
the ratio is <1, then we  observe survival, instead. Lower temper-
atures present suppressed rates, compared to higher ones. Also,
S. Giannakis et al. / Journal of Photochemistry and Photobiology A: Chemistry 290 (2014) 43–53 47
Fig. 2. Main results of non-irradiation experiments for synthetic secondary efﬂuent at among 20–40 ◦C and all initial E. coli populations. (a) Post-treatment regrowth curves.
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lb)  Contour plot of regrowth after 1 day vs. temperature and time. (c) Contour plot o
egrowth after 1 day). (e) Main effects plot (control variable: regrowth after 2 days)
e notice the difference between the bacterial number after 24 h
nd 48 h, being inﬂuenced by the disinfection conditions, which is
xpressed in orders of magnitude. Plus, temperatures that initially
eemed safer against regrowth (around 25 ◦C), demonstrate equally
igh rates. In Fig. 2d and e, the correlation between treatment time
nd regrowth is presented; the prolongation of the experiment
as a profound effect in the bacterial numbers observed after 2
ays. However, initial concentration cannot be attributed to a direct
ffect. In the last sub-graphs which present the main effects of the
emperature on regrowth, elevating temperature during treatment
s observed to have a strong and rather linear impact only over 30 ◦C
or the regrowth after one day, and stronger for after two  days.
The samples treated under higher temperatures (Fig. 3a) do not
resent any recovery of the population; the population, if any bac-
eria still existed, continued the decay during dark storage. For
he bacterial samples treated at 50 ◦C, although total inactivation
as not observed, after 24 h no viable counts were observed. As it
eems, the thermal damage rendered bacteria unable to reproduce;
o repair mechanism was observed to act. The remaining samples,
fter their treatment at 60 ◦C, presented the same behavior. Higher
emperatures accelerated inactivation, which was total within the
-h timespan, and no regrowth was observed thereafter.
Contour plots 3b and 3c, present the survival rates after 24 and
8 h, for all hourly samples taken during disinfection. First of all,
igh regrowth risk (C24/C0 and C48/C0 ≥ 1) is observed around 50 ◦C
nd for 60–90 min  of treatment. The survival pattern for the rest
f temperatures and time is consistent, for the two post-treatment
ays, and slightly more elevated numbers are observed after 2 days.
he main effects plots (Fig. 3d and e) demonstrate the inverse effect
hat high-temperature treatment has on regrowth; as time passes,
urvival capability is diminishing, and as temperature increases,
e observe the same effect. However, initial population follows a
imilar pattern from the ﬁrst to the second day.
.3. Effects of 800 W/m2 irradiance on the parameters affecting
urvival and regrowth
Figs. 4 and 5 present the extension of monitoring the bacterial
opulation for 48 more hours after 800-W/m2 intensity irradi-
tion is complete. Results are grouped per temperature range
20–40 ◦C and 50–60 ◦C) and initial concentration of bacteria. It can
e deduced that post-irradiation survival is more complex, com-
ared to the experiments in absence of light.
The ﬁrst temperature range (20–40 ◦C, Fig. 4) demonstrates very
ow inactivation rates, and as a consequence, presents elevatedowth after 2 days vs. temperature and time. (d) Main effects plot (control variable:
(re)growth/survival rates; since there is no total inactivation taking
place (i.e. zero viable counts), the recovery of the bacterial numbers
could be attributed to (i) live bacteria that continued replicating, (ii)
bacteria that recovered their DNA lesions by dark repair methods,
and growth of the revived bacteria [11].
The contour plots (Fig. 4b and c) demonstrating the bacterial
population after 24 or 48 h, reveal an interesting behavior, as far as
the inﬂuence temperature is concerned. Although 40 ◦C is a break-
ing point, where bacterial disinfection is drastically changing, it
appears that 30 ◦C is the most critical value for regrowth. First of all,
after 24 h, regrowth is not probable, and only occurred from sam-
ples treated around 3–4 h and 30–40 ◦C. On the contrary, samples
that were treated in low temperatures and for short time, present
low counts after 24 h.
Normally, bacteria in samples that remain for longer time under
illumination tend to get more inactivated, as it is shown in Fig. 4a.
However, prolonging their treatment in this favorable tempera-
ture promotes multiplication and therefore, new strains, that gain
resistance against solar irradiation in conditions of exposure to (vis-
ible) light [13,23,37]. This bacterial ability is a heritage of evolution
through time, to protect themselves from the natural ultraviolet
rays from the sun [27].
As a consequence, higher remaining populations led to higher
survival rates from the bacteria. Although [16] supported that
no signiﬁcant correlation exists between regrowth and the initial
number of coliforms in wastewater, at any dose, they found out
that in low doses, the surviving coliforms affected the reactivation
rates. Craik et al. [6] explained this noting that if the initial pop-
ulation is high, there is a big chance that there will be a part of it
going through unharmed due to shielding (by each other) and bad
mixing.
After 48 h, we notice a change in the effect; in Fig. 1c, we observe
that samples treated in lower temperatures and for shorter times,
demonstrate higher regrowth rates and samples that presented
regrowth show 5-fold suppressed rates, instead. This is clearly
demonstrated in the main effects plot, where treatment times
reveal inverse action, and 30 ◦C reveal their statistical signiﬁcance
in regrowth. This can be explained, mostly by the action of light;
samples that were treated for a short time accumulated a rela-
tively low dose, and were able to recover their cultivability, whereas
samples that were treated in high temperatures (and showed high
regrowth), remained for a long time under illumination, and their
repair capabilities were diminished.
The behavior of bacteria that were treated in high tempera-
tures is more straightforward. First of all, almost no regrowth is
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Fig. 3. Main results of non-irradiation experiments for synthetic secondary efﬂuent at among 50–60 ◦C and all initial E. coli populations. (a) Post-treatment regrowth curves.
(b)  Contour plot of regrowth after 1 day vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main effects plot (control variable:
regrowth after 1 day). (e) Main effects plot (control variable: regrowth after 2 days).
Fig. 4. Main results of 800 W/m2-irradiated experiments for synthetic secondary efﬂuent at among 20–40 ◦C and all initial E. coli populations. (a) Post-treatment regrowth
curves. (b) Contour plot of regrowth after 1 day vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main effects plot (control
variable:  regrowth after 1 day). (e) Main effects plot (control variable: regrowth after 2 days).
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educe that it is crucial to obtain null bacterial counts at the end
f the experiments (total inactivation) in order to avoid their re-
ppearance. The combined action of light and temperature, andt at among 50–60 ◦C and all initial E. coli populations. (a) Post-treatment regrowth
ot of regrowth after 2 days vs. temperature and time. (d) Main effects plot (control
ays).the joint actions are proven to be not only more efﬁcient (faster),
but hinder re-population as well. Among the Fig. 5b and c, that pic-
ture bacterial survival after 24 and 48 h, the highest survival rates
have appeared around 1.5–2 h, but are still low ones. This peak is
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atch tests employed in this study: we mentioned that there is
n equilibrium of growth and inactivation, and it appears to bend,
n favor of inactivation, at this time point, for 50 ◦C. Beyond this
ime mark, inactivation is higher, and as inactivation negatively
nﬂuences regrowth, lower rates are observed. Finally, in the main
ffects plot in Fig. 5d and e, temperature and time have a straight-
orward effect, where prolongation of treatment equals to regrowth
uppression; this is considered normal, since higher experimental
imes assists both bacterial protein damage and light inactivation.
.4. Effects of 1200 W/m2 irradiance on the parameters affecting
urvival and regrowth
In Table 3, the total inactivation achieved after 4 h in all sam-
les has been demonstrated, in all temperature ranges and initial
opulation, at 1200 W/m2. As it seems, apart from the contribution
f temperature we have veriﬁed the beneﬁcial effect for switching
rom thermal to light/thermal treatment, now it is evident that light
as a signiﬁcant, additional role in bacterial inactivation [40]; for
he same temperature levels and initial bacterial population in the
amples, the outcome was altered, when intensity was increased
rom 800 to 1200 W/m2. The synergy of light and temperature has
eached the maximum inactivating action (among our cases), lead-
ng to null bacterial counts, at the end of the treatment, for another days.
When moderate light (800 W/m2) was applied and the condi-
ions favored disinfection (all cases of 60 ◦C treatment and 103–104
t 50 ◦C), no regrowth was observed. Common denominator in allial E. coli populations. (a) Contour plot of regrowth after 1 day vs. temperature and
plot (control variable: regrowth after 1 day). (d) Main effects plot (control variable:
cases was  a null bacterial count active at the end of the process.
Therefore, it is expected that no regrowth will be observed. Fig. 6a
demonstrates the post-treatment phenomena, after the illumina-
tion of the varied population samples subjected to the different
process temperatures.
In the previous cases, only the outcome after the end of the treat-
ment is plotted, for clarity. However, the contour plots of C24/C0 and
C48/C0 (Figs. 6a and b and 7a and b) contain information, for the fate
of the microbial population at each hour and level of population and
temperature. We  observe that there are only two  combinations that
led to regrowth, deriving from samples that were irradiated for only
1 h, between 20 and 40 ◦C and of high risk are the next 30 min for
all temperatures. In this case, there is shortage of dose accumula-
tion from the cells, so the reactivation is highly probable. This is
reﬂected in the regrowth rates in day 2, with the excess growth
effects around 40 ◦C playing the most important role in regrowth
appearance.
The effect of time, demonstrated in the main effects plots (Fig. 6c
and d) is in favor of bacterial inactivation; ﬁrstly, prolonging the
samples in such high intensities renders bacteria unable to recover
or deploy defense mechanisms, because the incoming photonic
rate is very high to cope with, and secondly, we observe that after
2 h of treatment, C24/C0 and C48/C0 are less than 1, and therefore,
no regrowth is observed. Finally, temperature produces the same
obstacles stated in the previous section, against inactivation, but
high intensities overcome this effect.
The most effective combination, of high intensity and elevated
temperatures, is demonstrated in Fig. 7, and shows a very low sur-
vival potential and also, for the ﬁrst time, it is decreasing from day
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o day. The surviving populations are very low in and in condition
nable to recover neither their numbers nor their cultivability and
ecay day by day. The main effects plots (Fig. 7c and d) demonstrate
he negligible differences time and temperature have in survival.
owever, both main effects plot between 20–40 ◦C and 40–60 ◦C
llow a good comparison on the effect of light intensity, if com-
ared with the respective ones of 800 W/m2 and 0 W/m2. It is clear
hat although temperature has a strong effect, it affects (re)growth
ndirectly, through cell growth effects and thermal inactivation.
emperature on the other hand shows that it is the main active
orce leading to suppressed risk of bacterial re-appearance. For
00 W/m2, repair was possible, whereas for 1200 W/m2, even after
–2 h of exposure, bacteria have lost their ability to perform dark
epair of their damage.
.5. Bacterial regrowth vs. disinfection efﬁciency
Our study has employed direct plating to measure cultivable
acteria, therefore regrown or surviving bacteria are treated as
ne, cultivable entity. Also, we have rather avoided suggesting an
nﬂuence of the initial bacterial population, because of the lack of
 straightforward correlation or tendency. Each population level
ithholds its own special effect; for instance, initial population of
03 bacteria encounter more available nutrients per cell and initial
opulation 106 offer higher chances of aggregation and shielding;
n both cases, surviving bacteria are offered an enhanced possibility
f (re)growth. Therefore, in order to be able to correlate the inﬂu-
nce of starting bacterial population in the regrowth period, some
tatistical indicators were used. A main target was to homogenizeial E. coli populations. (a) Contour plot of regrowth after 1 day vs. temperature and
plot (control variable: regrowth after 1 day). (d) Main effects plot (control variable:
results, regardless of initial population, to aid the overall robustness
of the treatment.
Fig. 8a and b demonstrates the correlation between the efﬁ-
ciency of the disinfection process, for all possible treatment
times (1–4 h) and the consequent regrowth, for samples that
have been treated in low (20 ◦C ≤ T ≤ 40 ◦C) or high temperatures
(40 ◦C < T ≤ 60 ◦C). The traces reveal the population after 24 h
while the traces, after 48 h, expressed as the fraction of bacte-
ria/initial population, for homogenization of the 20 ◦C ≤ T ≤ 40 ◦C
results, regardless of initial bacterial numbers. We observe that in
overall, the population after 48 h is tending to be higher than the
population after 24 h. It also appears that as efﬁciency increases, the
samples without regrowth are increasing (line indicating C24,48/C0
ratio = 1), and a tendency to reduce their regrowth potential,
according to the percentage of efﬁciency increase. However, for
higher temperatures, we notice the signiﬁcant absence of regrowth
after 24 h (trace: ) (line indicating C24,48/C0 ratio = 1) and the sup-
pression of growth after 48 h (trace: ), compared to the lower
temperatures. Hence, treating in higher temperatures is detrimen-
tal in both short and long-term storage of the treated samples.
Furthermore, we calculated the live (cultivable) number of bac-
teria left at the end of the process, and plotted with the population
after 24 and 48 h, for both low (Fig. 8c) and high temperatures
of pre-treatment (Fig. 8d). Fig. 8c demonstrates a constant live
bacteria/initial population ratio ﬂuctuating around 1 after 24 h
of treatment (trace: ), but the bacterial numbers after 48 days
(trace: ) seem to decrease, as the live fraction increases; lower
populations would be expected when the live fraction is lower.
This indicates that the correlation between the pre-treatment and
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egrowth is not limited to the alive fraction at the end of the given
reatment time (1–4 h), but is linked to the treatment method. For
nstance, a low surviving fraction, deriving from a short-treatment
ime in low intensity is very susceptible to regrowth. The oppo-
ite statement, for higher light intensities and low temperatures to
xpect low regrowth, is validated as well. Special mention should
e made at the non-treated samples (live fraction = 1) that always
resent (re)growth. In contrast, in Fig. 8d, plotting the higher tem-
erature experiments, we do not ﬁnd live bacteria at 100%, but we
bserve less regrowth after 24 (trace: ) and 48 h (trace: ). Also, a
igher number of experiments present near-zero regrowth, com-
ared with the low-temperature experiments. Even samples that
resented 90% live bacterial fraction present diminished numbers,
ith obvious positive effects of high temperature in suppressing
egrowth.
Finally, Fig. 9 presents an estimation of the bacteria transferred
rom the end of the treatment time to the ﬁrst day and from these
nes, in the second day. On X axis, we plot the ﬁnal live fraction
f bacteria after 24 h, due to the bacteria at the end of treatmentfﬁciency after 1 day. (b) Regrowth vs. efﬁciency after 2 days. (c) Regrowth after 1
d) Regrowth after 2 days vs. concentration of cultivable bacteria at the end of the
time i (i = 1–4 h) per initial concentration and on Y axis the respec-
tive ones for 48 h storage. This ratio assesses the transferability of
bacterial growth from day 1 to day 2 and expresses the fate at the
end of the treatment time; i.e. values >1 indicate higher numbers
after 48 h, due to the live fraction in 24 h. Mathematically, this ratio
is ((C24/C0)/(Ci/C0)) or ((C48/C0)/(Ci/C0)), and is expressed as C24/Ci
or C48/Ci, respectively. As it seems, the transferability from day 1 to
day 2 is strongly inﬂuenced by the treatment temperatures during
the experiment; for low temperatures 20 ◦C ≤ T ≤ 40 ◦C, we observe
that the same fraction of live bacteria after 1 day can yield higher
fractions after 48 h (trace: ) than the respective 40 ◦C<T≤60 ◦C
ones (trace: ). For example, 24-h ratios of 1 or 10 can result in
much higher ratios (up to 1000) after 48 h. It is shown that (i) there
is no repair on the damages inﬂicted by temperature and (ii) the
synergistic action of light and temperature ensures low transfer-
ability from the surviving fraction. The dominant trend existing in
regrowth is also expressed by the logarithmic equations and the
possibility of increased appearance after 2 days is reﬂected by the
constants of the equations which describe that trend.
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egrowth after 24 h out of the live fraction subjected to i hours of treatment
i  = 1–4 h) at X axis and regrowth after 48 h in Y axis.
In overall, there is a lighter regrowth risk when high temper-
tures of treatment are applied. However, this condition is not
lways applicable, when it comes to the existing solar disinfec-
ion techniques. In that case, either higher light intensities must
e accounted for, low (around 20 ◦C) ambient temperatures or
aybe, prolongation of the exposure time can compensate the risk
f remaining bacteria in the solution. In this manner, either light
ction will be enhanced, bacterial division will not be favored or
xtended damage will be inﬂicted, to ensure low live fractions at the
nd of the treatment; it was proved that this condition, regardless
he pre-treatment condition, is a precursor of the bacterial numbers
n short or long term storage of water.
. Conclusions
Non-irradiated samples of secondary efﬂuent treated at 20–40 ◦C
showed slight growth during treatment, and high post-treatment
regrowth (ratios of 250–1000). Signiﬁcantly, thermal inactivation
with no regrowth predominated at 50 ◦C and was total at 60 ◦C.
At 800 W/m2, bacterial regrowth only occurred in incompletely
disinfected samples, which are linked to lower irradiation,
shorter times or high initial microorganism populations. No
regrowth was observed in samples presenting no bacterial
counts at the end of the treatment. An erratic behavior was
observed when treatment temperature was among 20–40 ◦C,
where prolongation of treatment resulted in higher long term re-
appearance of bacteria in the samples, related to growth issues
after 30 ◦C.
High intensities revealed almost no regrowth (special cases: 1-
h treatment), for low temperatures, revealing the detrimental
effect of elevated light intensities, whereas the combination of
high temperatures with high intensity resulted in no regrowth
and survival diminishing, as well, due to the very high levels of
synergetic action between light and temperature.
When present, regrowth was directly connected to the enumer-
ated leftover bacteria. The lower temperature region promoted
bacterial regrowth (max. in 30 ◦C) and high temperatures sup-
pressed the reappearance, both in short and long term storage.
Also, the lower temperature set demonstrated higher rate of
[hotobiology A: Chemistry 290 (2014) 43–53
transferring their live bacteria from the end of the treatment time
toward the next days, than high temperatures.
• The temperature range for light-temperature synergy (40–60 ◦C)
is well above the common temperatures in shallow ponds, even in
tropical countries, while a normal sustained intensity lies around
800–900 W/m2. Our study suggests that contact times longer
than the 4 h observed here would be required at ﬁeld conditions.
• For a holistic view on the potentials of the application implica-
tions, other ﬁeld factors should be also investigated, like shielding
by particles (residual suspended solids, algae), for they would
extend required exposure time to days.
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